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This  r e p o r t  summarizes t h e  work accomplished under  C o n t r a c t  NAS 8-21052, 
I t  Advanced I n j e c t o r  Concepts I n v e s t i g a t i o n " .  A more d e t a i l e d  account  of t h e  work 
may be  found i n  Report  21052-3F, t h e  f i n a l  r e p o r t .  The program t e c h n i c a l  e f f o r t  
extended o v e r  a 18-month p e r i o d  and was completed on 3 1  December 1 9 7 0 ,  
The work was conducted under  t h e  cognizance of t h e  Engine Components 
Department,  A e r o j e t  L i q u i d  Rocket Company, Sacramento,  C a l i f o r n i a .  Key Aerojet  
program p e r s o n n e l  i n c l u d e d  D r .  N .  E .  Van Huf f ,  program manager; M r .  J, F.  kddons ,  
p r o j e c t  manager; M r .  R .  L. Boyce, p r o j e c t  e n g i n e e r ;  and D r .  R.  J. LaBatz,  
t e c h n i c a l  s p e c i a l i s t .  O v e r a l l  program d i r e c t i o n  was prov ided  by t h e  NASA 
t e c h n i c a l  manager, M r .  R .  J .  Richmond. 
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I. INTRODUCTIQN 
The purpose  of p h i s  program was t o  c o n t i n u e  e x p l o r a t i o n  of a  t h r o t t l i n g  
i n j e c t o r  concept  t h a t  i s  a p p l i c a b l e  t o  a n  advanced c ryogen ic  eng ine .  This pro- 
gram i s  Phase I11 of Contract ,  NAS 8-21052, initiated by M a r s h a l l  Space F l i g h t  
Center .  
Phase  I of t h e  program i n c l u d e d  e v a l u a t i o n  of i n j e c t o r s  s u i t a b l e  f o r  
s t a g e d  combustion systems i n c o r p o r a t i n g  primary and secondary i n j e c t o r s  a s  w e l l  
a s  an  annular-shaped comblistor i n  which hydrogen i s  prehea ted  i n  a regenera-  
t i v e l y  cooled j a c k e t .  These e n g i n e  sys tems had i n  common t h e  requirement  for 
s u c c e s s f u l  o p e r a t i o n  w h i l e  t h r o t t l i n g  over  a  wide t h r u s t  range.  The concept 
u t i l i z e d  i n  each of t h e  i n j e c t o r  d e s i g n s  i s  d e s i g n a t e d  HIPEKTklIN*. The f o u r  
s u b s c a l e  HIPERTHIN i n j e c t o r  sys tem i n v e s t i g a t e d  d u r i n g  Phase I were:  (1) an 
a n n u l a r  h e a t  e x c h a n g e r l i n j e c t o r  combustor segment des igned f o r  l i q u i d  oxygen 
and gaseous  hydrogen--this i n j e c t o r  segment s i m u l a t e s  t h e  c o n d i t i o n s  a n t i c i p a t e d  
i n  a hydrogen r e g e n e r a t i v e l y  coo led  a n n u l a r  combustor; (2)  a  pr imary combustor 
i n j e c t o r  which p r s d u c e s  hydrogen-rich h o t  gas  r e q u i r e d  i n  a  staged-combustion 
system;  (3)  a secondary combustor i n j e c t o r  which o p e r a t e s  w i t h  l i q u i d  oxygen 
and h o t  hydrogen-r ich pr imary combustor g a s ;  and (4) an a l t e r n a t i v e  secondary 
c ~ m b u s t o r  i n j e c t o r  d e s i g n  f o r  u s e  i n  staged-combustion c y c l e s  t h a t  employ b o t h  
f u e l -  and o x i d i z e r - r i c h  pr imary combustors.  Phase I was r e p o r t e d  i n  Report  
21052-IF, d a t e d  31 J u l y  1968, 
During Phase  11, the a r e a s  of performance,  i n j e c t o r  AP/P b e h a v i o r ,  f a c e  
C 
c o o l i n g ,  t h r o t t l i n g  range ,  and combustion s t a b i l i t y  c h a r a c t e r i s t i c s  of t h e  
HIPERTHIlJ a n n u l a r  h e a t  e x e h a n g e r l i p j e c t o r  combustor segment were examined i n  
more d e t a i l ,  A d d i t i o n a l l y ,  c e r t a l n  f a b r i c a t i o n  problems met d u r i n g  Phase I 
were r e s o l v e d .  The a n n u l a r  h e a t  e x c h a n g e r l i n j e c t o r  segment development was con- 
t i n u e d ,  as t h i s  i n j e c t o r  appeared t o  be  t h e  b e s t  f o r  use  i n  c o n j u n c t i o n  with 
an  advapced c ryogen ic  r o c k e t  eng ine .  Th is  segment was des igned  f o r  l i q u i d  
A concep t  developed and owned by Aeroje t -General  Corpora t ion  on whicll AGC 
h o l d s  P a t e n t  No. 3,413,704 and o t h e r  p a t e n t s  pending.  
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oxygen and gaseous  hydrogen, s i m u l a t i n g  t h e  c o n d i t i o n s  a n t i c i p a t e d  i n  a  hydro- 
gen r e g e n e r a t i v e l y  cooled a n n u l a r  combustor. Phase  I was r e p o r t e d  i n  Report  
21052-2F, d a t e d  January  1970. 
Phase I11 of C o n t r a c t  NAS 8-21052 was i n i t i a t e d  1 J u l y  1969 and was 
divided i n t o  two t a s k s :  
Task I was an  a n a l y t i c a l  i n v e s t i g a t i o n  of t h e  f e a s i b i l i t y  of t a p p i n g  
-- 
t u r b i n e  d r i v e  g a s e s  from t h e  chamber and p a s s i n g  them through t h e  HIPERTHIN 
i n j e c t o r ,  Th i s  e f f o r t  c o n s i s t e d  of a n a l y s i s  and p r e l i m i n a r y  d e s i g n  on ly ;  no 
hardware was f a b r i c a t e d  f o r  exper imenta t ion .  
I n  o p e r a t i o n ,  g a s e s  tapped from t h e  combustion chamber are passed  back 
through t h e  i n j e c t o r  c o u n t e r  t o  t h e  f low of incoming p r o p e l l a n t s .  The problem 
was t o  de te rmine  if--by p r o p e r  s i z i n g  of t h e  h o t  gas  channe l s  and t h e  p rope l -  
l a n t  i n j e c t i o n  channels--an optimum h e a t  t r a n s f e r  a r e a  could  b e  provided t o  
e n a b l e  the h o t  g a s e s  t o  y i e l d  s u f f i c i e n t  energy t o  g a s i f y  t h e  incoming prope l -  
l a n t s ,  and y e t  r e t a i n  s u f f i c i e n t  energy t o  d r i v e  t h e  turbopump a f t e r  l e a v i n g  
t h e  i n j e c t o r / h e a t  exchanger .  F i g u r e  1 shows t h e  concept  s c h e m a t i c a l l y .  
It was concluded t h a t  t h e  h o t  g a s  t a p o f f  c y c l e  i n j e c t o r  concept  i s  f e a s -  
i b l e  and can o p e r a t e  s u c c e s s f u l l y  over  t h e  f u l l  t h r o t t l i n g  r a n g e  s p e c i f i e d  
(33:1), u s i n g  n i c k e l  a s  t h e  i n j e c t o r  m a t e r i a l .  C e r t a i n  p r a c t i c a l  cons idera -  
t i o n s  such a s  t h e  ex t remely  s h o r t  l e n g t h  of t h e  i n j e c t o r  (0 .3  i n . )  pay t e n d  t o  
d i m i n i s h  the d e s i r a b i l i t y  of employing t h i s  concept .  Copper w a s  a l s o  b r i e f l y  
c o n s i d e r e d  f o r  t h e  t a p o f f  i n j e c t o r  m a t e r i a l  and,  from an a n a l y t i c a l  s t a n d p o i n t ,  
is s u p e r i o r  t o  n i c k e l  f o r  t h i s  a p p l i c a t i o n  a s  shown by F i g u r e  2. 
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11, Summary ( c o a t . )  
Task XI was devoted t o  f u r t h e r  e x p l o r a t i o n  of t h e  a n n u l a r  segment i n j e c -  
t o r ,  F i g u r e  3, p r i m a r i l y  t o  g a i n  a d d i t i o n a l  d a t a  r e g a r d i n g  cembustion s t a b i l -  
i t y ,  i n j e c t o r  f a c e  c o o l i n g ,  and s t e a d y - s t a t e  performance a t  chamber p r e s s u r e s  
up t o  2500 p s i a .  The l o n g e r  f i r i n g  d u r a t i o n s  r e q u i r e d  t o  e n s u r e  s t e a d y - s t a t e  
d a t a  and t h e  h i g h e r  chamber p r e s s u r e s  r e q u i r e d  t h e  u s e  of n i c k e l  i n j e c t o r  
p l a t e l e t  m a t e r i a l  f o r  improved i n j e c t o r  f a c e  c o o l i n g  and w a t e r  c o o l i n g  of t h e  
chamber. 
The o b j e c t i v e s  of t h e  a n n u l a r  segment i n j e c t o r  work f o r  Phase I11 were 
t o  demons t ra te  t h a t  t h e  HIPERTHIN i s  adequa te  f o r  mechanical  s t r e n g t h  o p e r a t i o n  
a t  h i g h  chamber p r e s s u r e s ,  t o  de te rmine  t h e  maximum p r e s s u r e  (up t o  2500 p s i a )  
a t  which t h e  t h r u s t e r  could  b e  o p e r a t e d  w i t h o u t  burn ing  t h e  i n j e c t o r  f a c e ,  and 
t~ gemonstrqte  t h a t  t h e  d e s i r e d  q h r o t t r l i n g ' r a n g e  cou ld  be  r e a l i z e d  a t  s h o r t  LB 
w i t h  h i g h  performance.  
MosC of t h a s e  o b j e c t i v e s  were met, The mechanical  s t r e n g t h  of HIPERTHPN 
was demonstra ted by t e n  tests of one i n j e c t o r  a t  chamber p r e s s u r e s  v a r y i n g  from 
100 t o  130Q p s i a .  T ' I ~  same i n j e c t o r  was a l s o  s u b j e c t e d  t o  numerous c o l d  f low 
c y c l e s  and $s s t i l l  s t r u c t u r a l l y  sound. No f a c e  b u r n i n g  was e v i d e n t  up t o  t h e  
h i g h e s t  chamber p r @ $ s v r e  l e v e l  t e s t e d  (1300 p s i a )  and combustion was s t a b l e ,  
Performqnce rartqed from a n  energy r e l e a s e  e f f i q i e n c y  of 98% a t  t h e  100 p s i a  P 
C 
l e v e l  t o  9 k %  a t  t h e  h i g h e r  chamber p r e s s u r e .  
The chamber used f o r  t e s t  f i r i n g s  was a copper- l ined water-cooled t h r u s t  
chamber w i t h  a two-dimensional r e c t a n g u l a r  converging s e c t i o n  and t h r o a t ,  The 
b a s i c  chamber l e n g t h  was 2.5 i n .  (7 .3  i n .  Lk), b u t  a t t achments  f o r  n o z z l e s  were 
prov ided  s o  t h a t  n o z z l e  e x t e n s i o n s  cou ld  be  added f o r  o p e r a t i o n .  The t e s t  
hardware  i s  shown i n  F i g u r e s  4 and 5. 
Use of t'pe Nicke l  200 p l a t e l e t  m a t e r i a l ,  r e q u i r e d  because  of face  over- 
h e a t i n g  exper ienced  w i t h  t h e  s t a i n l e s s  s t e e l  i n j e c t o r s  of Phase  11, p r e s e n t e d  
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some f a b r i c a t i o n  problems. Piany of t h e  p l q t e l e t s  were i n a d e q u a t e l y  p l a t e d  w i t h  
the electroless n i c k e l  b r a z e  m a t e r i a l .  A s  a r e s u l t ,  b a t h  p l a t e l e t  s t a c k s  
leaked q t  t h e  edges ,  b u t  bofh  were s u c c e s s f u $ l y  r e p a i r e d  and one i n j e c t o r  was 
later tested a t  1300 p s i a  w i t h  e o  l e a k a g e  ~ r s b l a m s ,  A p rocedure  h a s  been 
devised to p r e c l u d e  r e c q r r e n c e  of t h i s  probAem. Two n i c k e l  i n j e c t o r s  were fab-  
ricated f o r  Phase  111, a l t h o u g h  on ly  one was r e q u i r e d  t o  conduct t h e  t e s t  
series ,, 
CONCLUSLONS 
-1"- 
A, TAPQEF CYCLE 
. The basic  F a p ~ f  f cycle i$ a n a l y t i c s l l y  s i z e a b l e  yp t o  chamber 
pressures of 2540 p s i a  w i t h  n i c k e l  p l a t e l e t  i n j ~ c t a r s .  
2 ,  Abave 2500 psla,  t h e  p e r m i s s i 4 l e  t o l e r a n c p s  Qn ~perafing con- 
ditions are toq small, f ~ r  a p r a c t i c a l  tapoff c y c l e  w i t h  n i c k e l  i n j e c t o r s .  
3.  Capper shou ld  be  c o n s i d e r e d  a s  a s u b s t i t u t e  f o r  n i c k e l  i n  t h e  
t a p o f f  system a t  p r s a s y r e s  of 2500 p s i a  and above. 
B, ANNULAR IUJECTOR RESIGN 
1. The i n t e g r a i  h e a t  @xcbangey!injsctqr d e s i g n  concept  f o r  
extended t h r o t t l i n g  was dernaristrated ca b e  t e a s i b l e  over  3 t h r o t t l g n g  range  of 
13:1 (chamber p r e s s u r e s  of 1QO t o  1300 p s i a ) ,  
2 ,  The d e s i g n  m q d i f i ~ a t i o n s  t o  t h e  h e a t  exchanger s e c t i o n  were 
effective in v a p o r i z i n g  t h e  oxygen and p r o v i d i n g  uniform,  nonpuls ing  i n j e c t i o n .  
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111, 8 ,  Annular I q j e c t o r  Design (cant.) - 
3.  The b a s i c  a n a l y t i c a l  t o o l s  employed i n  i n j e c t o r  h y d r a u l i c  
d e s i g n  a r e  s u i t a b l e  f o r  c o ~ v e ~ t i o n a l  p a t e l e t  passages .  Some m o d i f i c a t i o n  t o  
t h e  model i s  r e q u i r e d  t o  a c c w n t  f o r  t h e  h y d r a u l i c  a f f e c t  a f  t h e  t u r b u l a t o r s  
added t o  t h e  LO2 h e a t  exchanger  s e c t i o n .  
4 .  The i n j e c t o r  i s  s t r u c t u r a l l y  adequa te  a t  chamber p r e s s u r e s  of  
a t  l e a s t  1300 p s i a  and d i f f e r e n t i a l  manifold  p r e s s u r e s  of a t  l e a s t  1600 p s i ,  
5. The n i c k e l  p l a t e l e t  m a t e r i a l  was e f f e c t i v e  i n  e x t e n d i n g  the 
f a c e  c o o l i n g  c a p a c i t y  t o  a t  l e a s t  1300 p s i a  chamber p r e s s u r e .  
6. The 2.50-in. chamber l e n g t h  may b e  t o o  s h o r t  f o r  maximum 
e f f i c i e n c y ,  
C , FABRICATION 
1. F u l l - s c a l e  i n j e c t o r s  can be  f a b r i c a t e d  from Nicke l  200 plate- 
l e t s  a s  r e a d i l y  as from s t a i n l e s s  s t e e l  p l a t e l e t s .  
2.  The t e c h n i q u e  of copper f l a s h i n g  t h e  n i c k e l  p l a t e l e t s  p r i o r  
t o  d e p o s i t i n g  t h e  e l e c t r ~ l e s s  n i c k e l  b r a z e  a l l o y  i s  an  e f f e c t i v e  q u a l i t y  con- 
t r o l  t e c h n i q u e  f o r  a s s u r i n g  complete  b r a z e  a l l o y  coverage.  
D. OPERATING CIW@ICTERISTICS 
1. ,A 2.50-in, L' chamber i s  adequa te  f o r  HIPERTHIN i n j e c t o r s  t o  
p r o v i d e  combustion e f f i c i e n c y  i n  e x c e s s  of 97% a t  chamber p r e s s u r e s  i n  the 100 
t o  500 p s i a  r a n g e  u s i n g  0 /H p r o p e l l a n t s  a t  O/B oE between 5.73 and 6,45, 2  2  
2. The combustion e f f i c i e n c y  measured was lower a t  h i g h e r  chamber 
p r e s s u r e s  a n d / o r  h i g h e r  m i x t u r e  r a t i o s .  
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111, D, Opera t ing  C h a r a c t e r i s t i c s  ( c o n t ,  
3 ,  Tha obqerved r e d u c t i o n  i n  ERE w i t h  i n c r e a s i n g  PC and decreas -  
i n g  O/F i s  due mainly  t o  i n c r e a s i n g  P 
c * 
4.  he s h o r t  2.50-in, Length chamber may deno te  perfarmanee 
c h a r a c t e r i s t i c s  such as r e a c t i o n  i s o l a t i q ~  zones ,  which t end  t o  i n h i b i t  mixing,  
t h a t  would normal ly  n o t  be  s e e n  i n  l o n g e r  l e n g ~ h  chambers, 
5. R e s u l t s  c a s t  davb t  t h a t  a cgmbustioq system can be  made t o  
t h r o t t l e  over  a  wide range while  mainSaiping a c o n s t a n t ,  h i g h  ERE, 
A. Determine q u a n t i t q t i v e l y  t h s  s f f i c i e n c y  and h e a t  t r a n s f e r  c a p a b i l i -  
t i e s  of t h e  i n j e c t o r  b c a t  exchanger  s e c t i o n .  
B .  Deteqmine r h a  rninirnum i n j e e q o r  4P gnd/or  4P/Pc  r e q u i r e d  f o r  s t a b l e  
opera txon ,  
G, Expand the p l a t e z e t  t e c h n ~ l p g p  t o  i n c l u d e  copper p l a t e l e t s  f o r  
a p p l i c a t i o n  t a  t h s  t a p o f f  cyc le .  
D, Mqdify t h e  h e a t  exchanger  computer m ~ d e l  t o  improved h y d r a u l i c  
p r e d i c t i o n s ,  
E ,  Determine t h s  pa ramete rs  ~ a u s i n g  t h e  observed combustion e f f i c i e n c y  
r e d u c t i o n  af h i g b e r  chamber p r e s s u x e s ,  
F, Determine t h e  i n t e r r e l a t t o n s h i p  between o p e r a t i n g  mix ture  r a t i o  
and o p e r a t i n g  chqmber p r e s s u r e  on combustion e f f i c i e n c y .  
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